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Pee COC TL ON 


peeeeGENERAL [1,2,3] 

The voltaic cell is an electrochemical apparatus used for 
the storage of chemical energy, mene converted to direct 
current electrical energy during discharge. There are two 
mypes OF Voltaic cells, the primary cell and the secondary 
meee FOr al) practical purposes the chemical reactions in 
a primary cell are irreversible: the generation of electric 
current consumes materials which cannot be replenished by re- 
charging. The second cell or storage cell uses a reversible 
Mmmemical reaction for the production of current. After the 
discharge of a storage cell, it can be restored to its 
Meaginal chemical condition by passing an electric current 
through it in the direction opposite to that of the discharge. 

Wemtud discovered the gaivanic battery in 1800. In 1802 
Gautherat discovered current passing through platinum wires 
causes polarization of the wires in a water-filled cell. Then 
in 1803 Ritter built small piles of metal plates with moist 
layers of cloth between them. He charged these piles with an 
electric current and obtained a discharge current from them. 
He thought he had a device similar to a capacitor which stored 
electrical energy. Volta proved him wrong and attributed the 
effect to the chemical decomposition of water. 

Plante’ entered the scene in 1859 when he began his 


studies of electrolytic polarization at age 26. He was the 


eh 





erst to devise the lead acid battery. His cell consisted of 
two sheets of lead separated by a sheet of rubber then rolled 
into a spiral form. This element was then placed in a 10% 
Soection of sulfuric acid. He showed it was possible to in- 
crease the capacity by the process called formation. Forma- 
mon, as it applies to the Plante’ cells, means the creation 
of a layer of sponge lead on the surface of the negative 
electrode and a layer of lead dioxide on the positive elec- 
meode,; Which constitutes the active materials of the cell. 
mramce presented his battery to the French Academy of 
Memrences in 1860. The first battery had little usefulness 
outside the lab due to the long charge period, sometimes up 
mod year, USing Many primary batteries. It was not until 
1873, when he obtained a hand-driven Gramme generator, that he 
was able to show the transformation of energy of the system 
(mechanical-electrical-chemical) and its reversibility. 
Mmimtoo!) Faure patented the process of applying a paste of 
mead Oxides and sulfuric acid to the positive plate. This 
type of cell possessed marked superiority in capacity and 
ease of formation. An American named Buch also developed a 
pasted plate at this time. Both men experienced poor adher- 
ence of the paste to the lead plate. At the end of 1881 a 
German, Volckmor, punched holes in the lead plate before 
pasting. From this idea, a grid network to mechanically hold 
the active material in place was developed by many different 
investigators. Different designs were developed, of which 


Only a handful are still in use today. 
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B. THEORY AND CONSTRUCTION 

The fundamental parts of the lead acid storage battery 
are the negative plate of sponge lead and the positive plate 
of lead dioxide, immersed in electrolyte of sulfuric acid. 

1. Theory 

In 1882 Gladstone and Tulu proposed the double-sul- 

fate theory of reaction for the lead acid storage battery. 
Both the positive plate and the negative plate are converted 
memeeadd suifate as part of the process of discharge (Fig. 1). 
The double sulfate theory is most often stated by the 


Saquation for the reaction. 


PbO en U 


eee ———— bs), ; 


g 
The discharge equation is from left to right; the charge 
Seat ton is from right to left. 


ie reaction at the negative plate is 


= : - 
oes 0), eo: PbSO, + 2e 


The negative plate process is relatively simple: the immer- 
mone ot the lead in sulfuric acid causes it to throw lead 
moms into solution. These are in a divalent state, carrying 
2 positive charges, causing the electrode to become negatively 
Charged at the surface. The lead ions combine with the 
Sulfate ions of the electrolyte which is immediately depos- 


ited on the negative plate. 


y. Aa 





The reaction at the positive plate is more complex. 


fires reaction is 


+ 2e == PbSO, + 2H,0 


+ see ~ 2 


PbO, + 4H” + SO 


Small amounts of lead dioxide, in combination with water, 
ionize into tetravalent lead ions and monovalent hydroxyl 


ems according to the equation: 


ope 20 ——— eo + 4(0H)7~ 


2 
The lead then receives 2e from the negative plate causing 


a current to flow from negative to positive. 


Aka ph” 


mmsedivalent lead is free to join with the ions of SO, 
in the electrolyte and the hydroxyl ions combine with the 
free hydrogen ions of the electrolyte to form water. The 
reverse of this discharge process takes place on charge 
Mergs. 2 & 3). 

The nalf cell potential of the positive plate is 
given by the equation 


++4++ 


Enos 7 175 + Sp an HR 
[Pb ] 
where iinet 1 tetravalent lead ion activity 


[Pb | divalent lead ion activity 

R gas constant 8.134 joules/degree mole 
iP famadaye constant 96500 coulombs 

i Temperature 
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The negative plate potential is 


7 RE ++ 
E neg == eo OF Caer 
The cell voltage is the difference between these two poten- 


jails or 


mieone normal cell this corresponds to an open circuit voltage 
fez > VOlts in aii1.280 Sp.Gr. electrolyte and 25°C. 

The limiting processes of the lead acid battery are 
well known to be mass transport and ionic diffusion within the 
porous positive and negative electrode structures. This causes 
these structures to be important to the capacity and life of 
a batterv. 

eee Materials 

The material used in greatest amount is lead,which is 
an element having an atomic weight of 207.21. Lead is a metal, 
Sesh gray in color, with metallic luster. It is a soft 
metal with a low melting point at 327.4°C. The chemical pro- 
‘perties of lead are of great importance to storage-battery 
performance. Lead is readily attacked by nitric acid, but 
Remy cold hydrochloric acid, or cold sulfuric acid below 
1.700 Sp.Gr. Lead can be combined with oxygen to form some 
important oxides which will be discussed in later paragraphs. 
Lead is very sensitive to small amounts of impurities. 


Arsenic, calcium, and antimony are hardening agents for lead. 
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Bismuth increases the corrodibility of lead. The battery in- 
dustry is one of the largest consumers of lead. Although 
heavy consumers about 80 percent of the lead used is recover- 
able. 

The materials in the lead acid battery whose chemical 
combinations absorb or produce energy during the charge and 
discharge of a cell are known as the “active materials". 
Tmese consist of: 

(1) Lead-dioxide (Positive plate) 

(2) Sponge lead (Negative plate) 


oom Solution Of sulfuric acid and water 
(electrolyte) 


The active material is formed on plates, of which there 
are two types. The difference between the two lies in the 
wav they derive the active material. The Plante’ plate, which 
derives its active materials by oxidizing the surface of a 
lead plate (positive), or reducing the lead plate surface to 
sponge lead (negative), is one type. The other type is the 
pasted plate or Faure plate. It derives its active material 
from pastes mechanically applied to a grid network to form 
Tlat plates. These pastes are then oxidized or reduced to 
form the positive and negative plates. This investigation 
Studies the pasted plates. The process of oxidizing the posi- 
tive plate and reducing the negative plate is called formation. 

The negative plate of sponge lead tends to coalesce 
and densify. Expanders are added in small amounts to the 


Paste for making the negative plate. Two of the most common 
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are ‘lignin and barium-sulfate. There have been many papers 
pertaining to the effect of lignin and barium-sulfate most 
attributing the effect of the additives to the modification 
Bhnat they caused in the lead sulfate crystal structure dur- 
ing the discharge. A. C. Simon [4] showed that lignin pro- 
duced a marked change in the microstructure of the charged 
negative plate. When barium-sulfate and lignin were used 
together additional changes took place. These additional 
Changes acted to cause a further increase in surface area 
and increased porosity. These were in addition to the bene- 
ficial effect these two compounds had on the growth of the 
lead-suifate during discharge. Therefore most negative 
plate pastes contain expanders. 

The positive active material is lead dioxide (PbO,), 
Mewomcalied plumbic oxide. It is dark brown or almost black 
ie or. It is formed electrolytically in the battery by 
mieaic Oxidation of lower oxides, primarily PbO or Pb0,. 

The paste to form this lead dioxide is prepared by mixing 
some particular lead oxides or a blend of oxides with a 
Sumeee SOlution of sulfuric acid. The composition of and 
mixing of these pastes are as varied as the companies who 
Produce batteries. Some of the important patents pertaining 
meomone paste composition are given in reference 5. These 
pastes are mechanically pasted on grids. After the formation 
of this paste into the active material, several features of 
mis active material are important, including (1) the 


Meendnical stability of the active mass; (2) the microscopic 
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of the grid. Total penetration of the grid can cause some 
Oaetne active material of the plate to become electrically 
isolated and unable to contribute to the reaction process. 
Another aspect of corrosion is that the corrosion product on 
the grid-active material interface can impair the electrical 
conductivity of this interface and the active materiai's 
adherence to the grid. 

Currently and historically, the most common lead acid 
battery grid alloy systems are based on cast lead-antimony 
and lead-calcium binary alloys. These will be discussed in 
detail. Other alloy systems currently being developed are 
pure lead, dispersion renenaenened head wiead= calc tum — tin 
alloy and more [6]. 

Lead-antimony alloys have historically been the most 
common grid alloy system. Lead and antimony form an alloy 
of which the eutectic composition is 87 percent lead and 13 


Mercent antimony, with a melting point of 477°F (Fig. 4). 


Temperature °C 





Weight % Antimony 


The Lead-Antimony Phase Diagram 





morphology of the plate; (3) the electrochemical "activity" 
of the compound present; (4) adherence of the active material 
to the grid. These features will be discussed later in 
mreories of loss of capacity. 

The third active material of the lead acid battery is 
maemelectrolyte. The electrolyte for lead acid batteries is 
meoeution of sulfuric acid. The electrolyte is prepared by 
diluting pure sulfuric acid with pure water. The purity of the 
memetric acid and the water is critical. Standards are set for 
mean the water and acid [11] (Tables I, II). The specific 
gravity of the battery acid is determined by the service of 
Mmimembattery. the range is from 1.200 to 1.285. Submarine 
mmeeeries are one of the highest in Specific gravity at 1.285. 

The grid performs two major functions in the battery, 
(1) to serve as supports for the active material of the 
mates, and (2) to conduct the electric current in and out 
of the active material. The specific lead alloys used for 
grids are important with respect to both functions of the 
Sees. Both the action of the electrochemical activity and 
concurrent structural role tends to both weaken the grid 
amomereduce its electric conductivity. 

Strength is desirable for two distinct reasons. The 
Mmeet 1S during fabrication for ease of handling and pasting. 
It is also useful during battery service, as the grids fre- 
quently bear significant loads (the active material, their 
Own weight, and stresses induced by corrosion). 

Comeostonmenesistance 1S also important to the grid. 


Corrosion can cause a decrease in the electrical conductivity 
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The amount of antimony in storage-battery grids ranges from 
3-12 weight percent,with the modern trend toward the lower 
percentages. The structure of the alloys used in storage 
batteries consists of the eutectic embedded in a solid solu- 


mone Ot |@ad and antimony, as shown in Figure 5. There are 
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Megure 5. fHicrostructure of the lead-antimony grid material] 
From a submarine type battery plate. 


a number of reasons to use antimony in grids: (1) antimony 
increases the fluidity of the metal in the mold; (2) antimony 
Increases the stiffness of lead, and its tensile strength 
in percentages up to 12 percent; (3) antimony has a beneficial 
effect on the positive plate active material during cycle 
mere [7]. 

There are also disadvantages to the use of antimony 


in the grid. Antimony is a poison to the negative plate. 
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It lowers the hydrogen overvoltage and leads to "self dis- 
charge" of the negative plate. Arsenic is the principal 
impurity that is associated with antimony. Inside the 
moemeery the presence of arsenic causes toxic arsine (AsH 2) 
gas to be evolved. The removal of the antimony that migrates 
Moeune negative plate is accomplished by applying a high end 
Mamoivarge Current. This high finishing current creates two 
moddvantages. (1) Water is used during this period increas- 
ing the maintenance required by the battery. (2) The anti- 
mony is driven out of the Merete: pila va by the current as 
toxic stibine gas. Therefore charging in confined spaces may 
present a health hazard. 

There are currently two methods of overcoming these 
disadvantages. One way is to reduce the antimony to below 
3.5 percent which reduces water usage but not the other prob- 
Jem. The other approach is to remove the antimony by using 
another alloy system. The most common of the antimony-free 
Systems is lead-calicium alloys. This method not only over- 
comes the deleterious effects of antimony, but the beneficial 
aspects as well. The lead-calcium alloys for battery grids 
Mere first described by Haring and Thomas [12] in 1935. 

Lead-calcium alloys represent a classical precipita- 
tion-hardening binary system. They are strengthened over 
time by precipitation of very fine PD.Ca Ddpelcies from d 
Supersaturated solid solution,as predicted by the equilibrium 
maerse diagram of Figure 6. Up to 0.07 percent calciun, 


Strength increases with increasing calcium content. At 
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Saepcium contents above .Q/ percent, large primary Pb.Ca 
crystallites, which have been shown to be detrimental to 
mechanical properties and corrosion resistance, are formed. 
fms etfect can be minimized up to .] percent by rapid cool- 


ing but are almost impossible to avoid above this. Less 
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Figure 6. The Lead-Calcium Phase Diagram 


than .08 percent is used for battery applications. The 
typical microstructure of a Pb-Ca storage battery alloy con- 
merece Of essentially pure lead grains with a dispersion of 
Pb3Ca Bartiches, the amount and distribution depending on 


mipeoy content and cooling rate {8] (Fig. 7). 
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Mieres tmuecure of the lead-calcium grid 
material from a submarine type battery plate. 





The primary advantage of lead-calcium alloys is the 
elimination of the deleterious effects of antimony. They 
have a significantly lower self-discharge, so they can stand 
On open circuit without loss of capacity. These alloys are 
more conductive than lead-antimony. The current needed to 
maintain them on float is 4 to 10 times less than needed for 
a lead-antimony battery. 

The main disadvantage of Pb-Ca alloys relates to an 
inability to promote optimum active material performance. 

In this respect lead-calcium batteries have poor deep cycle 
life due to shedding and softening of positive active material 
[10]. An example of these problems is suspected in the 
failure of non-diesel submarine batteries on a modified full 
float service. 

To keep the plates of opposite polarity from making 
metallic contact. separators are placed between the alternat- 
ing positive and negative plates in storage batteries. Pres- 
ent types of separators include those of wood veneer, per- 
forated and slotted separators of hard rubber, microporous 
rubber, fibrous glass mats, microporous plastics, resin- 
impregnated fibrous material. and more. 

The essential features of any Separator are 

Sebenidi@me porosity: this insures low resistance to 
passage of current between plates and free diffusion of acid; 

fomiraneelte@ctrical resistance to prevent short 
circuit conduction between plates of opposite polarity; 

(3) inertness to the action of sulfuric acid and 


electrochemical oxidation; 
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(4) absence of harmful impurities; 

(5) mechanical strength because separators which are 
easily damaged or split are a source of internal short 
Surcuits. 

Submarine cells and most batteries intended for heavy 
duty also use what is called a retainer on the positive plate 
usually a glass-wool mat. The glass-wool mat serves to retain 
the active material of the positive plate and to provide a 
reservoir for the electrolyte. The porous glass separators 
are always used in combination with other types of separators 
muieneas microporous rubber. 

The construction of a battery cell is just the conm- 
bination of the above materials in an ordered arrangement. 

In its simplest form the pasted-type cell consists of a group 
of positive plates connected to a common terminal bar and a 
Similar group of negative plates, always one more than the 
positive group, assembled together. The positive plates may 
Or may not be covered by a retainer depending on the type 

of the battery being constructed. Separators are placed be- 
tween the plates of opposite polarity. This assembled 
arrangement is called an element. The element is tnen placed 
in a suitable container. In recent years new plastics such 
as PVC, polystyrene, polypropylene, and others, have become 
popular in smaller storage cells. The advantage of using 
these plastics over the old hard block rubber is that they 
have thin walls for the same strength, so more active material 


San pe placed in the battery giving greater capacity. 
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C. CAPACITY AND OPERATION 

Pe Capacity of a Storage battery may be expressed either 
as the ampere-hour capacity or as the watt-hour capacity. 
The ampere-hour capacity is a measure of the electrochemical 
reactions or in other words a measure of the electricity that 
the battery is able to deliver. The watt-hour capacity;son 
the other hand, is a measure of the energy, the ability to do 
work, of the battery. The ampere-hour capacity rating is 
most often used. It is the product of the current and time. 
For example a battery at 30 (Ah) at 1/2 hour rate means it 
will give 60 amperes for 1/2 hour. At a lower current it 
will usually give greater capacity and at a higher current it 
Mom have less capacity. 

mee 1pdal tactors tnat effect capacity of storage cells 
include: the amount of material within the cell, thickness of 
plates, rate of the discharge, temperature, quantity and con- 
centration of electrolyte, porosity of the plates, plate 
design, and age of the plates. These factors will be dis- 
cussed later. A detailed explanation of these parameters 
can be found in reference 1. 

The most widely used equation which relates the current 
to time, in order that the capacity of batteries can be com- 


puted at varying rates of discharge, is Peukert's equation 


n 
ites °C 
where n and C are constants 
current in amperes 
ie Ele eth Maur Ss 
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The constants can be evaluated for a given battery by simple 
discharge tests. 
log t, - log t.4 


= Cal 
log I, - log l., 


Penge |Ogarithmic it can be plotted as a straight line on 
log-log paper. 

The operation of lead-acid storage batteries has two 
modes corresponding to the two directions of the chemical 
reaction-charge and discharge. 

In the discharge mode the battery gives out energy usually 
at a constant current with voltage dependent upon the state 
memenarge Of the battery. In a constant current discharge 
the voltage will decrease to some limiting value, at which 
mime the battery is said to be fully discharged. The limiting 
values vary with the rate of discharge of the cell] and usually 
memeetrom |.85 volts per cell to 1.5 volts per cell. Typical 
discharge curves are shown in Figure 8. 

The purpose of charging a battery is to replace the 
stored energy removed by discharge. There are three common 
Memeods Of accomplishing this; (1) constant current charge, 
(2) constant potential charge, (3) the modified constant 
potential charge. 

Mie tne constant current system, the current is held con- 
Stant during the main part of the charge. When the battery 
is gassing freely the current is reduced to a rate about equal 


to 40 percent of the 8 hr rate, called the finishing rate. 
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The charge 1S over when the battery gasses freely at this 
rate. In large storage batteries this one step method can 


be modified to a multistep charge as shown in Figure 9. 


QCURAENT 
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Figure 9. The current vs time and voltage vs time plots 
of a constant current step type battery charge. 


In the constant potential charge method the voltage is 
Maintained at a constant fixed value per cell. This constant 
voltage is set by the gassing voltage of the battery which 
1s controlled by the temperature of the cell at the start of 
Charge. At the start of charge a large current passes into 
the battery. As the battery's back e.m.f. increases, the 
charging current decreases fairly quickly. Near the comple- 
tion of charge, it reaches a value less than the finishing 
rate. Normally when the finishing rate is reached the charge 
1S continued at a constant current mode at the finishing rate 


as shown in Figure 10. 
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Figure 10. The current vs time and voltage vs time 
lors On ed CONStdnc potential type battery 
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Figure 11. The current vs time and voltage vs time 
plots of a modified constant potential type 
battery charge. 
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The modified constant potential method is used for most 
large batteries. In the constant potential method a very 
Weegee starting current is required for a short time. These 
large current requirements increase the cost and size of 
the equipment needed to charge a battery. The modified con- 
Stant potential method allows the use of smaller equipment 
using the constant maximum current of the equipment at the 
Start and allowing the battery voltage buildup to TVG (the 
temperature and voltage at which gassing starts). The 
mpage then continues at a constant voltage of TVG until the 
fomemsning rate 1s reached, at which time it shifts back to a 
constant current charge until secured. Tnis method is 


sown in Figure ll. 


mec A PACITY LOSS 

It has been Known from the early development that two 
iaeuors seemed to control the capacity and useful life of a 
battery: (1) the mass transport and diffusion of the electro- 
lyte into the active material, and (2) the shedding and loss 
feeeene active material from the grid structures. If diffusion 
of the electrolyte is impaired, the active material becomes 
acid starved and the reactions cannot take place to release 
the chemical energy stored. Obviously if the active material 
loses contact with the grid it can no longer enter into the 
imedetions, and this then lowers the capacity of the battery. 

Until recent times, corrections of the symptoms were 


attempted, and if successful, were incorporated in the design. 
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mimice the advent of electron microscopy, both transmission and 
and scanning, and new techniques in light microscopy, the 
structures and their changes during the life of a battery 
have received attention. The incidence of unexplained capa- 
city loss in diesel-electric submarine battery cells adds 
emphasis to the reasons for capacity loss in antimony-free 
meer ies. IJThis is also the reason for this investigation 
imeeoecne capacity loss of antimony and antimony-free batteries. 

Many theories have evolved on the capacity loss problem 
as a result of these investigations. 

feepurbank [7,13,14] showed, using replica transmission 
electron microscopy, that there was a marked difference in 
the morphology of lead dioxide between plates with antimony 
alloy grids and those with antimony-free grids. She believes 
that the antimony is beneficial to the positive plate active 
material. The antimony in some way retarded the grain 
growth of the lead dioxide particles. Without the antimony, 
the crystal morphology of active material in the positive 
plate becomes important. 

eiudor, A. Weisstuch, and S. H. Davang [15,16,17], using 
mepeoradiography, saw that. in thin calcium-grid batteries, 
failure was caused by a barrier layer of lead-sulfate at the 
grid active material interface. This lead-sulfate layer was 
present between grid and active material even in the charged 
State. A report by E. Zehende supported this explanation. 

G. W. Mao and D. L. Douglas [18] showed that in the case 


of the antimony lead alloy, the lead dioxide on the grid was 
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mematively porous and had a relatively high resistance, 
while in non-antimonial lead alloy except lead calcium the 
primary lead dioxide was denser and had a lower resistance. 
feeec. Simon and S. M. Caulder (19,203 have shown that 
moerorms OT lead dioxide exist. Qne is electrochemically 
active and the other electrochemically inactive. Using 
thermal mass spectroscopy, NMR, and microscopy they showed 
that as the lead dioxide/lead-sulfate electrode was cycled, 
the electrochemically active lead dioxide,which may be an 
amorphous compound, underwent a structural reordering with 
mmemloss Of a hydrogen species. This structural reordering 
caused an electrochemically inactive lead dioxide, with 
meses ot battery capacity and ultimate failure. 

As mentioned above, several explanations have been put 
morun tor the accelerated capacity loss and failure of 
antimony-free grid batteries. One of these causes may be 
the explanation © capacity loss and failure,or a combina- 
tion of these causes may work together to lower the capacity 
Meade Dattery. It 1s also possible that there still exist 
undiscovered explanations. 

This investigation attempted to explain the failure mode 
of submarine-type lead-acid storage batteries in a deep- 
mele routine. The structures and structural changes over the 
age of the battery were examined using scanning electron 
microscopy. The main thrust of the analysis is on the struc- 


tures of the interface between grid and active material,for 
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a possibie corrosion product inducement of failure,or a 
Structural change of this area which may be related to 
mapaeity loss of the battery. [he structural changes in 
imemactive material, both near the grid and within the 


bulk of the plate,were also studied. 
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Pewee Pek MeENTAL PROCEDURES 


ee ONSTRUCTION OF THE CELL 

The test cells were constructed of parts taken from stan- 
dard production line submarine batteries. A complete cell, 

a Gould Inc. TPX-61-E milspec 24200/5, was obtained from Mare 
Island Naval Shipyard. This cell provided the antimony grid 
plates and all the separators, retainers,and binding strips 
eed in the construction of the test cells. The terminals 

of this cell were damaged in transit to the shipyard, but the 
plates were undamaged. Three positive and six negative cal- 
meum Grid plates, taken from a Gould Inc. TLX-39B milspec 
24200/7, were received directly from Gould's Kankakee, 
mmnots, tractory. Currently Gould Inc. is the only supplier 
of submarine batteries to the United States Navy. The plates 
were received, cured, and formed in a dried condition; as 

they would be delivered for shipboard installation. They 
were then cut into smaller sections in order to construct the 
smal] test cells used in this investigation. 

Pupeece|1s constructed consisted of one positive plate 
between two negative plates with standard separators, retainers 
and binding strips (Figure 12). The antimony grid positive 
mrmees measured 13 cm (5.1 in) X 11.5 cm (4.5 in) and the 
meumeeress Varied from 0.42 cm (0.165 in) to 0.45 cm (0.175 in). 


The antimony negative plates measured 13.5 cm (5.3 in) X 11.5 
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moe. 5 in) and the thickness varied from 0.28 cm (0.11 in) 
mms) cm (0.12 in}. The calcium grid positive plates 
mepetred 12.3 cm (4.8 in) X 11.3 cm (4.45 in) and the thick- 
Meeeevaried from 0.48 cm (0.19 in) to 0.5 cm (0.20 in). The 
Calcium negative plates measured 13.5 cm (5.3 in) X 11.4 cm 
meee in). the thickness varied from 0.37 cm (0.145 in) to 
mmeoecm (0.155 in) (Figs. 13 & 14). 

The positive oxide pastes of both type plates were a 
leady oxide produced by the ball mill method, having a minimum 
free lead content of 45 percent. Both the negative and posi- 
tive plates contained dacron fibers as a bonding material 
and filler in the pastes. 

The separators were all microporous rubber taken from the 
TPX 61E. This separator is used in all submarine-type bat- 
teries constructed by Gould. All separators were cut to the 
Mememesize 13.9 cm (5.47 in) X 11.7 cm (4.6 in). The thick- 
ness of the separators measured .127 cm (.05 in) on the 
flat and .254 cm (.1 in) at the ribs. The separators were 
unintentionally placed in the test cells with the flat side 
against the glass wool retainer of the positive plate. Test 
battery PbCa#2 was constructed with the ribbed side of the 
Separator positioned against the glass wool retainer of the 
Positive plate. No significant difference was observed between 
the cycling parameters of PbCa#1l and PbCa#2. It was thus con- 
Cluded that the separator orientation had little effect on the 


Parameters of the test. 
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The glass wool retainer material was cut to a size suffi- 
cient to cover the active material of the positive plate. 
This material measured .084 cm(.033 in) thick when dry. 
mamcang strips 13 cm (5.1 in) long were used to hold the re- 
meer on the positive plate. 

The jars of the cell were constructed of .636 cm (.25 in) 
thick clear plexiglass. The dimensions of a jar are shown 
in Figure 15. A "U" shaped bridge of plexiglass was placed 
in the bottom of each jar, creating a space of approximately 
1/2 in for sediment settling. The elements were wedged in 
the jar using scrap pieces of plexiglass. 

The covers Fone eels Were constructed of 0.38 cm 
mee> in) thick plexiglass. The terminals of each plate 
passed through these covers, as shown in Figure 16,;and were 
Sealed using a commercial silicone glue and sealer. A 3/4 in 
round hole in the cover served as a service entrance for ob- 
taining specific gravity, temperature and reference electrode 
readings during operation of the battery. 

The cells were bussed together to form three-cell bat- 
mendes Of approximately 6 volts. The bus bars consisted of 
Meces Of battery grid from the top of the various plates 
used. A wiring diagram for the voltage-measuring leads and 
the current-conducting power leads is shown in Figure 1/7. 
These were then put into a terminal board (Fig. 17) to facili- 
tate the connection of monitoring equipment and charge and 
discharge equipment. The bus bars were connected to the cells 


using 2-56/64 stainless steel nuts and bolts. Due to 
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corrosion at the terminals these connectors required frequent 


replacement. 


mec APACITY RATING OF BATTERY 

Using Farraday’s Law in conjunction with the reaction 
equation, the maximum capacity available from the active 
material necessary for one ampere-hour of capacity from the 
lead acid system is 3.866 grams of lead, 4.463 grams of lead 
aeerde, and 3.660 grams of sulfuric acid. The test 
batteries were constructed to be positive material limited, 
therefore the lead dioxide of the positive plate will limit 
the reaction. The lead calcium positive plate contained 
approximately 206.4 grams of positive active material, which 
related to a maximum capacity of 46.25 ampere-hours. The 
lead antimony positive plate contained approximately 189.2 
Meams Of active material. This corresponds to a maximum 
capacity of 42.39 ampere-hours. The foregoing figures show- 
ing the capacity are based entirely upon theoretical consid- 
erations. Practical amounts of the active material needed in 
a real battery are from 3-5 times as much as predicted from 
theory, depending on the type of cell and the thickness and 
number of plates. 

There are several reasons for the limited use of the 
active materials. The lead sulfate that is formed during the 
process of discharge is a non-conductor and increases the 
resistance of the active material of the plate. When the 
active material contains 50 percent of sulfate, the resistance 


Mase risen to a very high value. In addition the lead sulfate 


2 





formed in the plate tends to close the pores of the material, 
Mamen minders the diffusion of the electrolyte. As the 
electrolyte is consumed, its resistance iS increased. The 
minimum resistivity of the electrolyte occurs at a specific 
gravity of approximately 1.225. Due to the overabundance 

of electrolyte in the test cells used, the gravity seldom 

fell below 1.200. A fourth reason, which involved the design 
of the plate itself, is the limited contact between the active 
material of the plate and its Support or grid. 

The ratio of the amount of active material taking part in 
the reactions to the total amount of active material present 
maeene plates iS called the coefficient of use. A cell of 
foodequality will normally have a coefficient of .25 or more. 

The actual capacity of the test cells was determined by 
meeps during the first 20 cycles of the battery's life. Dis- 
Charge currents from 2.0 to 4.5 amperes were used to rate 
the batteries. A current versus time relationship was plotted 
on log-log paper. Peukert's equation, being logarithmic, can 
be plotted as a straight line on log-log paper. The results 
of these tests are given in Figures 19-22. The straight line 
Seeetne Graph represents 100 percent capacity for a particular 
battery. - Values of time and current above this line represent 
Greater than 100 percent and values below this line represent 
fess than 100 percent. The rated capacity at the 6 hr rate 
for each of the batteries tested was: PbSb#] - 20.1 ampere- 
hour; PbSb#2 - 19.2 ampere-hours; PbCa#] - 18.6 ampere-hour; 


and PbCa#2 - 17.4 ampere-hours. These values give a coefficient 


one 
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maese Of 0.46 for the PbSb batteries and 0.38 for the PbCa 


batteries. 


Meeeor ERATION OF BATTERIES 

All cells received an initial charge in accordance with 
M@emmanufacturer’s specifications set forth in Refs. 21, 22, 
and 23. The antimony cells were filled with 1.235 specific 
gravity electrolyte and allowed to stand open-circuited for 
approximately 15 hours. At the end of this stand time the 
mammary WwaS placed on a constant current charge of .030/7 
amperes per sq inch of positive plate, which corresponds to 
fmeoo ampere constant current charge of the test cells. The 
Sereium cells were filled with 1.255 specific gravity 
electrolyte and allowed to stand open-circuited for approxi- 
mately 15 hours. At the end of this stand time they were 
placed on a constant current charge of .0228 ampere per sq 
inch of positive plate, which corresponds to a .513 ampere 
Sms tant current charge for the size of the test cells. 
Both initial charges were continued at these rates for a mini- 
mum of 7/2 hours. The charge was continued until there was no 
rise of more than .01 volts in the voltage of the cells over 
a period of 3-5 hours. At this time the battery had completed 
meses initial charge. 

The normal charge given the cell between discharges was 
a constant potential charge. A constant potential was applied 
to the battery at the start of charge equal to the TVG voltage 


of the battery (Table III). The voltage was held constant 
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muti) tne current decreased to the finishing rate. The cur- 
rent was then held constant and the voltage allowed to rise, 
at which time the battery was allowed to gas freely. The 
battery voltage was allowed to increase to a value of between 
Meomand 8.05 volts at which time the charge was secured. 

The third type of charge used was an extended charge, re- 
ferred to as an equalizer charge. This charge was performed 
after approximately every tenth discharge and as the final 
charge of the battery before removal from test. The charge 
was conducted in the same manner as a normal charge, with 
Meemoditication, namely that the parameters for completion 
of charge were different. The equalizer charge was continued 
until there was no rise of the battery voltage for a period 
of at least one hour. This charge normally obtained values 
of between 8.1 and 8.15 volts at the end of charge. 

The charges were conducted using Hewlett-Packard model 
6434B DC power supply during the period of high current demand 
and a Kepco model CK 18-3 DC power supply at currents below 
3 amperes for the completion of charge. Both power supplies 
were equipped with remote scanning voltage control, so that 
a constant voltage could be maintained across the battery's 
Bemminals, and with current-limiting circuits so constant cur- 
rent could be maintained at the finishing rate. 

The discharges were conducted using a controlled current 
mescnarge unit built by T. Christian in the Mechanical 
Engineering Department of the Naval Postgraduate School. A 


description of this unit can be found in Appendix A. The 
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current during discharge was held constant, and a minimum 
lamiting battery voltage of approximately 4.6 volts ended the 
@uscenarge. A Honeywell Electronic 194 two channel strip 
recorder was used to record the voltage of the total battery 
and of one cell of the battery. During selected discharges, 
Seemed check for positive plate limitation of the batteries, a 
Cadmium reference electrode was placed in the cell so that 
the negative and positive plate potentials could be monitored 
ma, the discharge. A second strip recorder was used to 
monitor these values. The discharge curves of a typical dis- 


@marge are shown in Figure 23. 


Meena LYSIS PROCEDURES 
ieee sample Preparation 

Samples were removed from test at certain intervals 
during the lifetime of the test battery. At the end of ten 
cycles, #3 cell was removed from service and replaced by cell 
74, Cell #3 was then processed for examination. At the 20 
cycle point cell #2 was removed and replaced by cell #5. 
Cell #2 was then processed for examination. The remaining 
three cells (1, 5, and 4) were then cycled until failure or 
cell #1] reached a life of 60 cycles. At this time all] three 
cells were disassembled and processed for examination. 

Upon removal from test each cell was thoroughly washed 
in tap water to remove all electrolyte from the plate. The 
Washing consisted of placing the plate in a beaker of tap 
Water for about two minutes during which time the water was 


Changed three times. The plate was then washed under running 
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tap water for a period of three to five minutes. These wet 
maces were then placed in an oven at /0°C and dried for 
approximately 24 hours. When thoroughly dry they were removed 
from the oven and ready for examination and analysis. The 
plates were then cut to give a smaller sample for final pre- 
paration iis Zl ee 

The final step in sample preparation was the cutting 
of the plates so exposure of the grid and active material in- 
terface be obtained with minimum disturbance to the plate 
microstructure. Many different attempts and techniques were 
tried but only three showed any practical results. 

The first of these methods was the only cutting 
method which proved to be of value. A piece of plate approxi- 
Mately one inch square was cut from the plate; (Fig. 24) a 
grid bar running through the sample was then located and a 
notch Mas Cut WHee Ehe grid bar with a single edged razor 
blade. The cutting of this notch was done under a Bausch 
and Lomb Model SFB-2 Stereo Zoom Microscope. The cut was 
made clearly with as little distortion of the interface as 
possible (Fig. 25). This was the only method which created 
a useful cross-sectional view of the corrosion layer near 
the grid surface. 

The second method was a simple separation method. 

A piece of plate with a grid bar located on one side is 
Separated from this grid bar by pulling the grid bar away 
from the active material as seen in Figure 26. 

The third method used to expose the microstructure 


of the active material, giving a view across the thickness 
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Figure 26. The two surfaces of the separation 
Sample. 
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of the plate,was a fracture method. A pellet of active 
material was removed from the grid of the plate, then broken 
in half and mounted to observe the fractured surface (Fig. 
ay). 

ee «SEM Analysis 

The examination of these samples was conducted using 
a Cambridge $4-10 Stereoscan Scanning Electron Microscope 
mee (Fig. 28). The SEM is a relatively new instrument, de- 
veloped in the 1960's. There are two significant advantages 
memene use of the scanning electron microscopy over light or 
imeanmsmission electron microscopy. The first is the ease of 
Sample preparation. The SEM requires little or no prepara- 
mom Other than mounting on a stub. The second advantagGe is 
Maeeeecie cepth-of-field is greatly increased over that for a 
miagnt microscope. 

The instrument uses a fine probe of electrons to 
examine the microtopography of solid bulk specimens. It 
meeoples the examination of surfaces whose roughness or other 
Characteristics render their observation extremely difficult 
Or impossible by means of a conventional transmission 
electron microscope, using either direct or extraction replica 
methods. The ability to resolve specimen detail is always 
Meueer than |0 nm under satisfactory conditions, with a depth 
of focus that is at least 300 times greater than that of a 
light microscope, when both types of microscope are adjusted 
Hor Optimum performance and similar picture quality. The 


Stereoscanhas a direct-reading magnification system which 
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Figure 28. 
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Cambridge Mode S4-10 scanning electron 
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provides a useful range between X20 and X100,000, correspond- 
ing to scanned areas of 5 mm to 2 um square on the specimen. 
messtandard specimen stage allows OM eeresmon sun Go 12 mime in 
diameter and several millimeters thick to be manipulated in 
any required orientation [24]. 

ines specimens dre motinted On a smali circular alumi- 
mimestuo. Ihe sampie is attached to this stub using silver 
conducting paint. 

Pictures on the SEM were taken using a Tektronik 
Oscillscope Camera model C-27 equipped with a Polaroid 545 
fem holder and type 55/Positive-Negative Polaroid film. 

oe Aw-ray Diffraction 

X-ray diffraction patterns were obtained on samples, 
taken from various cycle life points, of the active material 
of the positive plate. The equipment used consisted of a 
Norelco water cooled X-ray diffraction unit fitted with a 
wide range goniometer and coupled to a Norelco Data Control 
and Processor unit (Figure 29). The preparation of samples 
[meer -ray diffraction was straightforward. The material to 
be analyzed was powdered and placed in a standard specimen 
holder in the goniometer. The patterns were run from 10° 
through 110° of arc. The Hanawalt system for X-ray diffrac- 
mom analysis was used for identification of the substances. 

mop cical Microscopy 

Samples of the positive plate were cold mounted using 


vacuum impregnation techniques described by A. C. Simon [33] 
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Figure 29. Norelco water cooled X-ray diffraction 
| unit, Wide Range Goniometer and Norelco 
Dawameontcol dnd Processor. 
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for use in the study of the electrochemical processes of the 
lead-acid battery system. After mounting, the samples were 
dry polished for observation. Observations were performed 
on a Bausch-Lomb Dynazoom Bench Metallograph model 32. 
Polaroid film type 105/Positive-Negative was used in this 


work. 
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PON CER OMeNTAL RESULTS AND DISCUSSION 


Ae BATTERY PERFORMANCE 

The prime measurement of a battery's performance is its 
Solty tO maintain a certain constant current for a speci- 
fied duration of time. The batteries in this investigation 
were discharged by holding the current constant until a set 
cutoff voltage range was reached. The time, current and 
battery voltage of the discharge were recorded. A cycle 
history was maintained on all batteries tested. These cycle 
histories of the different test batteries can be found in 
mependices 8, C, D, and Ee. 

Two antimony and two calcium batteries were subjected to 
the deep cycle routine described earlier. The antimony grid 
alloy type batteries were designated PbSb#1 and PbSb#2, and 
the calcium grid alloy type were designated PbCa#1 and PbCa#2. 
A decrease in capacity below 80 percent of the value set by 
Peukert's equation for that battery was taken as evidence of 
its having concluded its service life and in this way failure 
MesearDitrarily defined to have occurred. 

All batteries cycled in the specified cycle routine ex- 
perienced a similar occurrence at the time of replacement of 
one cell with a new cell. Following cell replacement, the 
Capacity of the battery initially decreased,with eventually 


a gradual increase as cycling progressed. This is consistent 
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Daeeeune tact that the new cell had received no conditioning 
mememarges to build up its capacity to 100 percent. There- 
fore, as the new cell conditioned themselves on the routine 
Miembattery s capacity increased. 

No one cell was the limiting cell for all discharges of 
a given battery. A cell was considered to limit the dis- 
Charge if its end of discharge voltage was less than one- 
third of the total battery voltage at end of discharge as re- 
@omaged bY the strip chart recorder. The typical curves of a 
limiting cell and a non limiting cell are shown in Figures 
Sees. Although all plates were cut from the same full size 
Smomarine plate, differences in grid size effected which cell 
was the limiting cell. Where the grid bars were large, less 
active material was available for reaction, so the cell with 
Meersize grids, thus having less active material tended to 
meee |}imiting cell as the test routine was in its first 
cycles. Typically, near the conclusion of the life of the 
battery cell one, the oldest cell became the limiting cell. 

Mimesspecific gravity readings for a typical six hour dis- 
charge dropped an average OE UeDOMMGSse in boun types of test 
meeerres. This 1S much Jess than that experienced in a full 
Size submarine, where they are Ome soar wot = 225 polnts. 
Pi order to insure positive plate limitation of the discharge, 
the test cells were purposely loaded with an excess of 
electrolyte. An average TLX-398 submarine battery has an 
Sectrolyte to positive active material ratio of 2.5 ml/cm> 
3 


while the present test cells had over 10 ml/cm Ecra iAlgaes 
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reason the specific gravity drops during discharge were less 
mam ina full size cell. 

The first battery to be run on the deep cycle routine 
previously discussed was PbSbzl. A plot of the capacity 
meaeots cycles is given in Figure 32. This plot illustrates 
the decrease of capacity after the replacement of one cell | 
with a new one, which occurred in this case at ten and 20 
cycles. Cell five of this battery seemed to take an unusually 
ema time to condition. This is attributed to an equipment 
malfunction on the first two discharges after being placed in 
miempattery. This cell was limiting cell, as expected, but 
was allowed to discharge more deeply than intended causing 
the extension of its conditioning time. Cell one became the 
mimmectng cell of the battery at about 38 cycles. From this 
meme tinti!l end of test, a continual loss of capacity of the 
battery was noted. Failure was almost complete at 41 cycles 
SO an equalizer charge was given the battery at this time 
and some of the lost capacity was regained. At 45 cycles 
failure was complete and cell one appeared to be the cause of 
mmpse tdilure. The failure was attributed to "worn out" posi- 
tive plate material. Worn out plates are ordinarily detected 
by a decrease in capacity of a battery which is receiving 
adequate charge. The specific gravity of the electrolyte may 
mse to the customary value, but the capacity on discharge is 
below normal [1]. Cell #1 showed both of these symptoms: 
fl) the specific gravity of cell one returned to normal after 


a charge was given and 
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(2) that cell one being the limiting cell controlled the 
Capacity of the battery which declined below 80 percent. 

A second lead-antimony battery was then placed on the 
Beele routine. A plot of PbSb#2's capacity versus cycles 
ieeeagiven in Figure 33. [his battery developed a greater 
Capacity than PbSb#1. This high capacity and the increased 
lifetime of this battery over that of PbSbz]1 due to minor 
refinements in the testing procedures used on the two differ- 
ent batteries, but still many similarities existed between 
its history and that of PbSb#1. The limiting cell at the 
early lifetime was normally the newest cell in the battery. 
Again cell one, the oldest cell of the battery, became the 
limiting cell and when this occurred it again signaled a 
gradual decrease in the capacity of the battery until ultimate 
memerure. Failure of this battery occurred at cycle 55. At 
this time an attempt was made to recover lost capacity by 
Giving the battery an equalizing charge. Some recovery was 
attained, but complete failure was confirmed at 60 cycles, and 
the battery was removed from test. An additional failure 
mechanism was noted after disassembly of cell one and cell 
mour Of this test battery. Both cells showed grid failure, 
Gembem 1S Considered to have had a significant effect on 
failure of the battery. 

The third battery tested was a lead-calcium type battery 
designated PbCa#1]. The capacity versus cycles plot of this 
battery is given in Figure 34. This battery did not exper- 


jence failure during the period of test but a definite trend 
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involving a decrease in capacity was evident at the time the 
cycle routine was concluded. Again it was seen that the 
limiting cell of the battery tended to be the newest cell at 
mmemoutset of the test routine. A point was reached, at 
meproximately 15 cycles after final cell replacement,or 35 
cycles of test,where cell one again became the limiting cell. 
This characteristic is believed to be a peculiarity of these 
test cells, where the cells have different cycle times. In 
an on-service battery all cells would have the same number 
Meeeycles and this characteristic would not exist. The 
phenomenon of the oldest becoming the limiting cell, took 
place at 35 cycles for PbCa#1, where cell one became the limit- 
mugeee!!. For PbCarl the occurrence was not followed by a 
Sepresponding gradual decrease in capacity, as observed in 
the antimony type batteries; the decrease in battery capacity 
Saenot begin until after an equalizing charge at cycle 50. 
At cycle 55 cell one began to show the signs of "worn-out" 
plates. The battery was removed from test at 60 cycles and 
prepared for examination. 

The last battery tested was a lead-calcium type designated 
PbhCa#2. An additional purpose of this battery was to ascer- 
tain the effect of the inadvertent reversed placement of the 
Separators in the other batteries, i.e., flat side toward the 
positive plate with fiberglass mats between. The cycle routine 
was conducted for a full 20 cycles to allow sufficient time 
for conditioning of the cells. No cell was removed from the 


Dattery at 10 cycles. All cells reached capacity of above 
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100 percent. The ampere-hour capacity of this battery was 
approximately 16.8 amp-hrs at 4.5 amps as compared with 16.65 
amp-hrs for PhCa#l. Therefore it was concluded that this 
separator reversal in no way prejudiced the results obtained 
meom unese tests. A plot of capacity versus cycles for 


meed#2 1S given in Figure 35. 


B. OBSERVATIONS WITH SCANNING ELECTRON MICROSCOPY 

Samples for microscopic examination were removed from all 
positive plates which were cycled in accordance with the test 
routine procedures already discussed. Samples examined of 
the lead-antimony type were obtained from PbSb#1 at 10, 20, 
meso, and 45 cycles and from PbSb#2 at 10, 20, 40, 50, and 
60 cycles. Samples examined for the lead-calcium type were 
obtained from PbCa#]l at 10, 20, 40, 50 and 60. Remembering 
that all plates were removed from test in the fully charged 
medi tion, the following history of morphological changes 
over the course of the tests was constructed. 

Ie Changes Observed in the Lead-Antimony Type Batteries 

A macroscopic view of the lead-antimony positive plate 

miecne zero cycle condition is shown in Figure 36. The plate 
appears to have an even texture, almost smooth. The active 
Meceria| 1S firm, reddish brown in color, similar to the color 
of rust. After about 40 cycles, a definite change in the 
macroscopic appearance of the active material was observed. 
Figure 3/7 shows the plate as it appeared at this time. The 
active material had begun to expand away from the smaller of 


mie horizontal grid bars, but remained firmly attached to the 
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larger horizontal and vertical grid members. This expansion 
irene active material is attributed to the growth of a void- 
filled Pegicu~omOrumunomderive Material as cycling progresses, 
7.@., an increase in the total occupied volume. The relative- 
ly smooth appearance of the plate surface nas cnanged to a 
ruddy crater-like complexion near the bottom-.and it was in this 
area that some shedding of active material is believed to have 
@aken place. After 50 cycies (Fig. 38), the expansion of the 
material has led to dome-like bulges on the plate, and in- 
creased shedding iS represented by the cratered texture of the 
Surface. The photo snows the top of these domes to be 
Smoothed over. This was caused by the evolution of drying 

and storage of the plate before analysis. Upon removal from 
the cell,these tops exhibited the same crater-like texture 
Seen througnout the plates surface. Grid failure was also 
evident on the outer grid of this plate,and can be Seen in 

the lower left hand corner of the photograph. This type of 
fea failure is common in lead-antimony grids at the end of 
Meecery plate life. The location of this failure suggests 

mimes tadilure 1S caused by stress corrosion of the grid material, 
Such as described by Simon [25]. At 60 cycles the dome-like 
Structures seemed to have collapsed back into the plate and 
increased shedding had occurred in conjunction with this. 
Unique to this plate, and considered to be the prime cause of 
Meerure, iS structural failure of the grid. This resulted in 
isolation of vast amounts of active material throughout the 


Merce. ihe pencil in Figure 39 shows the location of this 
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megiice 39,  POSitive plate of a lead-antimony grid 
Doteemyeatter 60 Cycles. A crack 
exists through approximately 80 percent 
Gi eene. pid ter. 


=) 1 





meagek. Numbering the horizontal grid bars from top to bottom, 
this crack extended from bar one through seven;swith a crack 
mmmeene DOttOm through grid bar 1]. All current to and from 
the active material therefore had to be passed through bars 
eight, nine and ten, and the resultant lengthening of current 
paths had a nates detrimental effect on the performance and 
Mmemostructure of this cell. 

The SEM observations of the zero cycle lead-antimony 
Dlates shows active material in the form of small spheroidal 
Shapes firmly bonded together to form a continuous mass of 
active material (Fig. 40). It appears as a highly porous mass 
of similar sized agglomerates randomly arranged to present a 
nigh relative surface area to the electrolyte at lower magni- 
fcations (Fig. 41). Between the grid and the active material 
1S a corrosion layer (Fig. 42), created during formation, 
meen measured approximately 30 um thick at this point, a fact 
that was confirmed by the use of optical Muemescopye Fig. 43). 
The attachment of the active material to the grid surface 
mmroughn this corrosion layer appears as an almost lJiquid-like 
entrapment of the active material within the corrosion product 
Maver (Fig. 44). 

After 10 cycles on the deep cycle test routine no 
change in the structure of the active material near the grid 
had taken place. The same sort of active material structure 
noted still exists as seen in Figure 45. However the corro- 
Sion layers of the grid has increased its size to about 55 um 


Marg. 46). This corresion layer is thought to be the mixture 
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mrgure 42. Corrosion layer at the interface between 
the active material and the grid of a 
lead-antimony battery, 280X, zero cycle. 
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Figure 44. Corrosion-active material interface with 
partial separation of the active material 
from the corrosion layer. 2400X lead- 
antimony type plate. 
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mrgure 43. Optical photomicrograph of the corrosion 
layer of a zero cycle lead-antimony type 
positive plate 400X. 
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Figure 45. Active material near the grid of a lead- 
ciemnony oat tery idhterm 10 cycles, 1250X. 
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mrgune 46. The grid-corrosion-active material of a 
lead-antimony battery after 10 cycles, 
Beak. 
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of a and 8 PbO,; fencriped Dy BUrbank [26] as a layered com- 
posite of very small crystals resembling a eutectic crystal- 
lization product. The liquid-like entrapment of the active 
material is shown in greater detail in Figure 47, It was 
noted that this type of bonding action appears to be favor- 
memes tO good current conduction back to the grid. Noted 
also at the interface between the corrosion layer and the 
active material, the corrosion layer seemed to be in a transi- 
tion state of possible conversion to the active material 
meructure. In the process of examining one sample, an area 
was located where the active material had fallen away from 
m@eecorrosion layer, thus allowing an unobstructed view of 
mmisecorrosion product (Fig. 48). This exposed corrosion 
product appeared to have a compacted microporous surface 
covered with a network of small needle-like structures ar- 
ranged as to indicate locations where now-converted PbSO, 
crystals existed. This layer seems to be firmly attached to 
the metal surface of the grid, and attempts to separate this 
layer from the grid were unsuccessful. The needle-like 
cyrstalline network structures are believed to be the same 
memenose described in greater detail by M. Coyle [Ref. 27] 
in his work with floated and trickle discharged submarine 
plates. This network is believed to be beneficial to the 
Sonduction of current and maintenance of capacity of the 
batteries. This was the only indication that this network 
Structure existed on the lead-antimony plate. As the cycling 


of the battery continued no observance of this network was 
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pagure 47. 


Corrosion layer-active material inter- 
face showing the liquid-like entrapment 
of active material in the surface 
material. Lead-antimony battery after 
ime eyes. 260004. 
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migure 46° Surface within the corrosion layer of 
a lead-antimony battery at 10 cycles, 
2300X. ; 





made. The disappearance of this structure in these plates 
is believed to play a role in the performance of the battery. 

No further changes were noted raion corrosion layer 
meetin 1tS attachment to the active material at 20 cycles. 
However it was observed (Fig. 49) that the active material 
most distant from the grid,at the center of the pellet, had 
begun the development of voids within its structure. Along 
the edges of these voids there seemed to be a grouping of the 
active material, as if some preferential location iaweq Tor 
the formation of the lead-dioxide. The active material near 
the grid did not appear to be undergoing this same transfor- 
mation. The active material near the grid is shown in 
Figure 50. 

The two lead antimony batteries PbSb#l and PbSb#2 
from this point on seemed to progress toward failure at dif- 
ferent rates. The morphological changes which they exper- 
jenced during the first 20 cycles appeared to coincide, but 
after this period PbSb#1 seemed to be accelerated toward 
failure. Both batteries experienced the same structural 
Changes at different cycle reference points. PbSb#1 failed 
mee45 cycles and PbSb#2 failed at 55 cycles. There could be 
many reasons for this difference but one of the major contri- 
buting factors was the refinement of cycling procedures and 
experience gained over the course of testing PbSb#Fl. 

Mimic | at o> cyeles, a distinct change of micro- 
Structure of the active material had begun to emerge. The 


interior of the active material away from the grid,near the 
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Figure 49, 


Active material near the center of the 
pellet with the first stages of void 

development within the active material. 
Lead-antimony battery 20 cycles, 2400X. 
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migure 50. 


Active material near the grid with 
little change in its microstructure. 
Lead-antimony battery 20 cycles,, 
Zee xX. 
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center and just below its surface, developed large internal 
voids, separated by nearly continuous walls of PbO, which 
meemed a ljabyrinth Structure henceforth referred to, after 
Simon 21, as miemeeieaitoid: structure (Fig. 51). <A simi- 
lar coralloid structure also appeared near the grid but the 
Scale of this structure was on the order of five times 
Smaller than seen at the center of the active material (Fig. 
Meemeeesimon {[Ref. 32] explains the formation of this coral- 
Mord structure in conjunction with the idea of tne existence 
mean inactive form of PbO,. He explains the coralloid 
Structure formation upon the basis of a "memory" pattern 
that remains from cycle to cycle and that originates in the 
presence of inactive particles of PbO.. As the active PbO. 
is dissolved during discharge the inactive form tends to be 
Boncentrated in or on the lead sulfate. Qn the initiation of 
the next charge cycle the inactive particles act as nuclei 
for the growth of the active PbO,; and as these PbO. par- 
ticles enlarge they form a more concentrated form of PbO... 
As this cycle progresses, greater and greater concentration 
Of active material takes place, thus forming the coralloid 
mmemerure. By a continuation of this charge-discharge cycling 
a well-defined PbO, coralloid structure eventually emerges, 
which can be repetitively reproduced on each charge cycle by 
reason of the residual inactive PbO. Ddigeleles: which t 
Samtains. 

Ween vations Made during this study of cycling bat- 


meries are consistent with this idea of the formation of the 
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madre 51. Large scale coralioid structure at the 
interior of the positive plate. Lead- 
Mieunemy pactery, Pbsbel, 35 cycies, 
245X. 
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mesure o2. Small scale corallois structure near 
the grid lead-antimony battery PbSbil, 
Some Ges 5.1 200%. 
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Meeaii01id Structure. It is also believed that the current 
paths of the active material play a role in the scale of 

Mans cOralioid structure. As the voids are produced;and the 
concentration of the PbO. at the edges of these voids takes 
place, the concentrated lead dioxide becomes a preferential 
Mrerent path back to the grid. The creation of these pre- 
ferred current paths cause an increased current density to 
Peeps along them. [his local increase in current density 

in turn causes a further concentration of active material 
along these paths, creating even larger voids. The appear- 
ance of the first voids at the center of the active material, 
and subsequent enlargement of the voids in this area tends 

tO lend credence to this idea. Near the Gr ice nemYO1gms cruc- 
ture has not had the time to form these large voids, so that 
a smaller coralloid structure is present. The formation of 
the coralloid structure is believed to be a normal evolution 
in the lifetime of a battery. 

Noted also at 35 cycles of PbSb#l was the fact that 
at the surface of the grid corrosion layer, the spiney needle- 
ieee crystals could no longer be found (Figs. 53, 54), a fact 
whose importance is not fully understood but is believed to 
be related to performance of the battery. A1lSO Seen was an 
increasing of the corrosion layer thickness to approximately 
Semin (Fig. 55). 

By the time PbSb#1 had reached 45 cycles, the develop- 
ment of the coralloid structure was essentially complete. At 


Meersurtface of the grid the structure had increased in siZe, 
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Figure 53. “Corrosion layer surface; note the lack 
| of the spiney needle-like crystals re- 
| ported in battery life. Lead-antimony 
Deter) Dobe iy, oo cyeles, oUDOX. 
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meagure 54. Corrosion layer surface; note the lack 
of the spiney needle-like crystals re- 
ported earlier. Lead-antimony battery 
PPE i. Soe cycles, 2400X. 
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migure 55. 





oere-active materia! interface in which 
the corrosion layer measures an average 
DT wiimeedd=aneimonmy battery, 35 cycles, 
PbSb#1, 240X. 


108 





at the surface of the Geis the Structure had increased in 
size (indicating its development was continuing (Figs. 56, 
meee Large coralloid structure had formed on the underside 
of the dome-like shapes of the active material (Fig. 58). 
The coralloid structure has the appearance of a structurally 
weak network, which would encourage shedding of the active 
feeeerial. fhe nodular structure of this coralloid appears 
mompe conducive to loss of structural integrity at the nodes, 
allowing the nodules to fall away, and causing loss of 
electrical contact with the remaining structure. Measure- 
ments of the sediments found in the bottom of extensively 
cycled cells [31] seems to be of the same general size as 
these nodules. 

Another possible correlation of coralloid structure 
formation with capacity loss is that the formation of lead- 
sulfate crystals upon discharge can more easily passivate 
maeerlying lead dioxide by encasing it within the core of 
mre coralloid structure [32]. 

PbhSb#2 experienced a similar formation of coralloid 
as cycling progressed, but because its development proceeded 
Over a somewhat longer period of time, some additional in- 
Sight into the steps of its formation was gained. The 
active material near the center of the pellet started its 
meansition to the void filled network of the coralloid struc- 
mere. with voids on the order of 12-20 um and not clearly 
defined (Figs. 59, 60). Near the grid no similar transforma- 


tion was evident; in fact the active material had changed 
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Figure 56, 


Sieace Of tne emlarged e€oralloid struc- 
ture at the grid surface with repeated 
cycling. Lead-antimony battery PbSb#1, 
aomevewes. | 100%. 
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Figure 


OW, « 





Enlarged coralloid near the grid. Lead- 


aneimony battery PbSb#l, 45 cycles, 
TOOX. 
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Figure 58. Active material coralloid structure on 
the undersurface of the dome-like 


structure. Lead-antimony battery PbSb#l, 
eee © lOS4, 21 0X. 
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Bigure 59. 


Beginning formation of the coralloid 
Srgiteniwe spy the Torming Of Vords at 
the center of the active material. 
Lead-antimony battery PbSb#2, 40 
eyeres.8 |200XK. 
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miucgure 60. 


The voids forming as the first stage 
Oferormation of the corajiiloid network. 
Lead-antimony battery PbSb#2, 40 
eyeles, |200%. 
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Meee over the course of the first 40 cycles (Fig. 61). 

The active material near the grid underwent some enlargement 
of the aaaloma rave of PbO, which make up this active 
Mecerial (Fig. 62). 

When the battery reached 50 cycles the corrosion 
layer seemed to have decreased in thickness (Fig. 63), lead- 
mpeco the belief that the transformation of this corrosion 
Product into usable active material has been accelerated. 
Observed with this decrease was the disappearance of the 
Spiney needle-like crystals noted earlier (Fig. 64). These 
facts seem to indicate that the acceleration of the growth 
of the coralloid is somehow related to these crystals and 
that these crystals are related to the performance of the 
meecery. the coralloid structures formation is now in the 
advanced stages and has begun to take on the nodular appear- 
ance of the final stage of development (Fig. 65). The sur- 
face of this coralloid appeared as a highly porous arrangement 
of small agglomerates of PbO, CRT Gly Beionee 

At the end of cycle testing, with 60 cycles completed, 
meee transformation into the coralloid structure appeared to 
be complete and the battery had already experienced a signi- 
meme 10SS in capacity. Part of this capacity loss must be 
attributed to the massive grid failure which this plate 
suffered. The coralloid formed near the grid,on the side of 
the failure connected to the terminal, is seen as a small intri- 
Sacre Pattern of coralloid believed to be in its first stages 


Mmmerorhlation (Fig. 67}. The larger, older formation of 
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mroure 62. 


Active material near the grid; note the 

appearance of the large agglomerates of 

PbO... Lead-antimony PbSb#2, 40 cycles, 
ZOO, 
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mioure 63. 
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Figure 64. The corrosion layer at the grid; note 
the lack of the spiney needle-like 
crystal observed earlier. Lead-anti- 
MOMye. tT DSD72, 00 Cycles, 1250X. 


vO 








Figure 65. Active material at the center of the 
pellet in the transition to the coralloid 
structure. Lead-antimony battery PbSb#2, 
SWmeycles, 240x. 


2.0 








SS 


NY 


SSS 


oS 


SS 





Gees Giatiei Te 


50 “eyoles , 


Suptace.-of the cord] ]o1 
Lead-antimony PbSb#2, 


Bow kK. 


Figure 66. 
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Moraiioid structure near the center of the pellet can be 
Seen in Figure 68. Jhis material was taken from a portion 
ieee plate semi-tsolated from the battery terminal by 

Menger diitre. Ihe small crystals seen partially covering 
the coralloid network (Fig. 69) are lead-sulfate,which re- 
mained unoxidized upon completion of the final charge due to 
Mmeetailure of the grid. This residual lead-sulfate indi- 
cates that this section of the plate was not receiving 
maictent culrrent to become completely charged. 

A summary of results obtained from the tests of the 
lead-antimony grid alloy batteries is as follows. 

1. The end of useful service life is signaled by 
SrestOrmation of the coralloid network. This formation pro- 
gresses as a normal evolution of the active material as it 
ise continuously cycled. 

2. The current paths through the active material 
mad be a contributing factor to the formation of the 
coralloid structure and the ultimate failure of the battery. 

3. The developments observed during these tests are 
Sonsistent with those observed by Simon [Ref. 32] on the 
Misi bie mechanisms of formation of the coralloid, i.e., 
its possible connection with active material isolation by 
lead-sulfate passivation, and loss of active material by 
menuetural breakdown of the coralioid that is formed. 

4. The early presence of Sspiney needle-like crystals 
was observed, but as cycling progresses and the appearance 


of the coralloid structure began, these crystals were no longer 








Figure 67. Small coralloid near the grid on a 
lead-antimony battery PbSb#2, 60 


cycles, 2900X. 
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migure 68. 
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MoraloiGesuriucture om the Jerr side 
Gretne Grid td1lure With some encap- 
sulation of the coralloid due to lack 
Cimelieremu paths FO tnis material 
causing undercharge lead-antimony 
battery PbSb#2, 60 cycles, 240X. 
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Meesent. this suggests that these crystals have some effect 
On the formation of the coralloid and ultimately the service 
 ormance On ne pattery. 
2. Changes Observed in the Lead Calcium Type Batteries 

The macroscopic appearance of a lead-calcium grid 
alloy positive plate at zero cycles is shown in Figure 70. 
the grid bars of this type plate are the same thickness in 
both directions and approximately twice the size of the lead- 
emeamony grids previously studied, so no failure of the grid 
was expected, and upon examination of a plate after 60 cycles 
no evidence of any grid failure could be found. The zero 
cycle plate was relatively flat, with the active material 
even with the tops of the grid bars. Upon inspection of the 
DPOSitive plate after a period of 60 cycles the active material 
had expanded above the tops of the grid bars, showing that 
Some type of volumetric increase of the active material had 
taken place. Observation of a crater-like surface gave 
evidence that some shedding had occurred. When the plates 
were removed from service and the cell disassembled, the 
active material which had become dissociated from the positive 
plate was found thoroughly imbedded within the glass fibers 
Memene retainer. Indications of this type of shedding was 
aiso observed on the 50 cycle plate, but were not as readily 
apparent on the plates with fewer cycles. 

During the preparation of the zero cycle samples for 
SEM examination, by the separation method described earlier, 


it was noted that little bonding existed between the active 





Maerial and the grid near the center of the grid bars. 
The attachment occurred almost exclusively at the near- 
murrace points of the grid (Fig. 72). When the grid was 
separated from the active material its surface seemed clear 
of active material at the center and it exhibited the 
characteristic surface usually associated with removal of 
mieegrid from the mold upon casting (Figs. 73, 74). 
Apparently no corrosion of the grid had taken place during 
mieerormation process. fhe light spots which appear in an 
Irregular arrangement on this surface are thought to be 
active material randomly bonded in individual agglomerates. 
It has been shown that in some instances an extremely small 
Morrosion layer may exist after formation [Ref. 30]. In 
this instance no corrosion layer existed. Both SEM observa- 
mons (Fig. 75) and optical microscopic observations showed 
mms to be true (Fig. /6}). The active material at zero 
@eeles had a unitform, closely packed, highly porous structure 
merg, 77), providing a continuous medium for the conduction 
Seemcurrent through this material. Upon closer examination 
Memeinis material, it appeared to be made of agglomerates of 
Pb0,of various sizes, that were spheroidal in shape, closely 
packed in a tight formation favorable to electrolyte pene- 
Meacion and current conduction (Fig. 78). 

A radical change in the morphology of the interface 
Maver at the center of the grid bar had taken place during 
the first 10 cycles of test. A layer of tightly packed lead- 


Sulfate crystals was formed over the surface of the grid in 
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Piemerear grid Surface observed by the 
euGatilon of tne active material from 


mierda  bedd-calcium PbheA;!, 0 
Gyenes 91 200X. 
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No corrosion layer present between the 
boundary of the active material and 
Miemorids sbed@—ea le |UM,mDaGye lies , 
POO, 
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Figure 76, 








Cmeaecle Mer Osecope PhOLO-cOntircming that 
no corrosion layer was present at the 
boundary between the active material and 
VitmoicG2meLeag—-calicium, O cycles. 
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Figure //, Active material of the zero cycle lead- 


calcium type positive plate as a uniform 


closely packed structure. Lead-calcium 
Omeyveles 200K, 


eye) 








Figure 78. Active material of the lead-calcium plate 
Showing its makeup as a closely packed 
grouping of spheroidal agglomerate of 
PbO. Lead-calcium, O cycles, 2400X. 
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the area where previously the bare as cast grid existed 
(Fig. 79). Upon further examination of this lead-sulfate 
layer,;and on examination of samples of the active material, 
the lead-sulfate layer was found to exist throughout the 
active material. The lead-sulfate crystals observed at the 
mero surtace were not in the fully formed state, but rather, 
Maetidlly transformed by charging (Fig. 81). This could be 
interpreted as meaning that the plate did not receive con- 
plete charge to fully transform the lead-sulfate created 
during discharge; however this would be inconsistent with 
the battery parameters at the completion of charge, which 
are considered to prove that complete charge had occurred 
In accordance with the previously stated procedures. There- 
fore an alternate explanation was sought. 

Tudor, Weisstuch, and Davang [17] reported that,on 
a shallow discharge routine, thick plate lead-calcium plates 
maintained their capacity by allowing a reserve of active 
material to be maintained in the interior of the plates. 
Mins Was attributed to the fact that penetration during 
Shallow discharge is not complete and much of the positive 
active material at the center of the plate is not utilized. 
Mmemetne active material sheds from the exterior of the plate, 
deeper penetration into the plate occurs, utilizing more and 
meme Of this reserved active material until the thin plate 
conditions were reached by the shedding of the active material 
Trom the surface of the plates. A similar hypothesis is put 


forth as a possible explanation of the existence of the sulfate 
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ewer and of the fact that this lead-calcium grid battery 
showed credible service life on ey clewsen ree. (hen thie. p late 
cells operated on a deep cycle routine form an area of lead- 
Meaitate at the center of the plate which is not converted 

to PbO. on subsequent charges,until the thickness of the 
plate is effectively reduced by shedding or formation of the 
meearioid structure. Figure 80 gives a representation of this 
action as it was observed during the cycling of PbCa#1. The 
facts that the lead-calcium battery gave the same service life 
performance comparable to a similar size lead-antimony bat- 
tery on a deep cycle test PolGine, anasunateeds the mamber of 
cycles increased the lead-sulfate layer was observed to de- 
crease in thickness, lend supportive evidence that this type 
of reserve mechanism is taking place within the active 
material of the plate. 

The layer of lead-sulfate near the grid (Fig. 81) 
exhibited a much greater degree of transformation than that 
at the center of the active material (Fig. 82), which appears 
med hidhiy compacted mass of sulfate crystals with little 
evidence of transformation. At the center of the converting 
lead sulfate crystals found at the grid interface, the sur- 
meen or the grid, or a corrosion layer on it, can be seen 
just below. In this region are seen an array of fine needle- 
like structures discussed by M. Coyle [27] which are believed 
momenhance the conduction of current. The active material 
in the outer layers of the plate, shown in Figures 83 and 84, 


Seems to have taken on a more fuzzy-like texture believed to 
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mucuime 79. Lead-sulfate layer attached to the 
grid. Lead-calcium PbCA#1, 10 
eveles, 100K. 
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megure 62. lLead-sulfate at the center of the 
active material closely packed to 
form a solid hard center. Lead- 
calcium PbCA#1, 10 cycles, 2450X. 
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Figure 84, 
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CHhCmOe ee layers Of 
Lead-calcium PbCA#1, 





Be the resuit of its reduction and formation during the 
meciing process. 

After 20 cycles, the lead-sulfate layer still was found 
to exist throughout a seemingly dense center layer within 
@meepositive plate (Figs. 85, 86, 8/7). When a pellet of 
enis positive plate was broken open; the extent of this layer 
was visible to the naked eye as a grayish layer between the 
two rusty dark brown layers of active material. This layer 
defied all photographic techniques attempted. The active 
Material in the outer layers of the plate also showed little 
Change over that observed at 10 cycles (Figs. 88, 89). Except 
for a slight enlargement of the agglomerates of the PbO, 
MeeescalsS making up the bulk of this material, it remained a 
uniform porous layer of active material believed to be con- 
mcave for good utilization and good performance. At the 
gGrid-active material interface the partially converted lead- 
sulfate crystals (Fig. 90) were now covered by a greater 
amount of the spiney needle-like crystals,both between the 
Mead=sulfate crystals and over their face. 

hhoelmeertant structural transformation took place 
within the active material during the next.period on the test 
routine. There were two different structural changes, one 
involving the lead-sulfate layer and the other taking place 
in the outer layer of the PbO. The lead-sulfate at the 
menter of the active material and that near the grid showed 
Signs of increased conversion to PbO, had taken place CE cise. 


91, 92). Within the center layer of lead-sulfate,spaces were 
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meaure 85. Center layer of compacted lead-sulfate 
crystals which was found in the thick 
plate lead-calcium battery. Lead- 
Cae | UChr ls cu meveles. 300k. 
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Center layer of lead-sulfate observed. 

Note the appearance of partially encap- 
siiiawed bd 7.  Ledd-calicium Patas!, 20 

cycles, Lf OO ks 
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miaure 8/7, 


Center layer of lead=sultate. 
Souetumor eer i, COG cles. 1200)%. 
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Figure 88, Active material which was bonded to the 
grid at the top and bottom. Lead- 
Scone tite DCH? bee cO CY Gliese. 130 O.X 
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Lead-sulfate covering the grid surface. 
These appear to have been in a greater 
state of transformation as evidenced by 
the spaces that exist between the 


crystals. Lead-calcium PbCA#1, 40 cycles, 
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mroure 92. 


Lead-sulfate layer at the center of the 
active material. Note the appearance 
of the spaces between these crystals. 
Beae-cale lum PbCA-e i, 40 scveles, 1150X. 
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observed to have formed between the lead-sulfate crystals. 
The interface lead-sulfate also could be seen to be trans- 
formed to a greater degree,and lost some of its appearance 
Sead continuous smooth layer. Upon examination of the 

cross section of the active material,an observable decrease 
in the thickness of the sulfate layer was noted, suggesting 
that this reserve was now being used. The active material 
in the outer layer of plate (Fig. 93) had already begun to 
take on the form of the coralloid structure described pre- 
viously, and believed to be an indication that the end of Ser- 
vice of the active material is near. It appears that the 
Same actions are at work in the active material to cause its 
formation. The active material bonded to the grid has also 
begun to take on a more ordered appearance (Fig. 94), showing 
that the formation of the coralloid structure has already 
Begun in this area. 

Further study of the area around the lead-sulfate 
revealed a new structure not before seen near the base and 
Mmeeyeen the lead sulfate crystals (Fig. 95). This structure 
proved to be extremely difficult to resolve due to the magni- 
meations necessary. It appeared to be in the early stages 
Of development. No conjecture was made as to the nature or 
momposition of this material or as to its action as it may 
relate to the processes taking place within the battery, but 
Meeis included here for consideration as a possible area of 
mere study. Figure 96 shows this structure as it existed 


Menween the crystals of lead-sulfate at 60 cycles. This is 
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megqure 93. 


Eany eve loonenteot tne scoralioid near 
the surface of the plate in the active 
Hidteeted ly tedd=-cdlecyunme peng). 40 cycles, 
240X. 
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Figure 





Active material at the interface with 
the grid. Note the ordered arrangement 
and development of voids beginning to 
form in this active material. Lead- 
calcium PbCA#1, 40 cycles, 2500X. 





is 
LEGIGE 
Upeiy 


ee 


eae ast Se Meee it 





ey 
fa 
“G 


ye eee Yi 
. yy i; 
ss 


Lei 
oe 
2G, 


os 
Che 2 
55 Soe , 


oy 


ce 
Se3 
ws 
ies 


He 
@ 


oe 


SS 


A 
Ke 


ope ot 


es 


Lites 


le UIE 
SORE eR 

ES IRI 

-, fe Pte eM, eee : 


ing 
Epes 


oy 


phe 
or 


es rot 
os 
% AY, ate 
SP TRY 





bas 
#1, 


PbCA 


Tum 


SHiemeone Gigi sc Ua) Seanie ar 
calc 


lead- 


le te 


MOce tle Gers lie eles 


40 cycles, 


Area between lead 
Tn 


the gri 


lee 





PP ND % wy a f 
EBS Be 


TGS Dr 0 = 


6eUmcycles., 


Sul ipavemerystais near 
ber as cycl 
PbCAFI, 


The dentric crystals are seen 


s 


feeds dl Gia 1 nuit 


oO 
Wn 
rt 


Lead-calcium 


a 
ny 


vehoe > 
a “ “aig *) ; 
Nee " 
* ae 
x ee § Py a 
Rass ts, 2 a 
® 9 GER 5 nee 
Nw ort) Pe. ste 
+ ae so ett EY 
as o 
‘. 5 
Wn gn Wns ef 
oli Sale oad Oe : 


“6 


as 
1 
SAS 


Area between lead 
times Grid. 

ceeds. 

bz500x- 


es 


< « ee ‘e Cree ; 
3 Sees 
os Bor . BRS . 





96 


Figure 








merous ly not the needie-like structure described by M. 
Movie [27]. 

iiemolaverstuaied at 50 cycles on the test routine 
Showed that completion of the formation of the coralloid 
mepue cure had taken place in the outer layer of active 
Meeeerial (Figs. 97, 98). This coralloid is now believed to 
be in the form most conducive to shedding of the active material 
and indicates that failure of the plate has already begun. 
The coralloid seen was nodular in appearance,with the nodes 
connected together by a somewhat thinner branch of the 
structure. The size of these nodes, between 20-25 um, 
correlates favorably with the size of the sediments found 
meme end of life 131]. A significant change has also oc- 
curred at the center of the active material (Fig. 99). The 
lead-sulfate had started its transition into active material, 
and the lead-sulfate crystals that remained showed signs of 
nearly complete transformation to PbO,. The lead-sulfate 
at the interface with the grid (Fig. 100) was seen to also 
have experienced greater conversion to PbO,,and now exists 
on a layer of active material believed to be firmly bonded 
to the grid. 

At 60 cycles the scenario was complete. The coral- 
mond structure (Fig. 101) had formed throughout most of the 
Outer layers of active material, with the large voids created 
Myeits tOrmation accounting for the increase in the volume 
of the plates. The lead-sulfate layer no longer existed at 


the center of the plate,but had been completely transformed 
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mmgaure 9/7, —Coralloid structure within the active 
material near tne grid interface. 
Peacd-ca ve pumerbDen7 1, o0mCyVe es, 6O0X. 
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Figure 98, 


Cera) (Oia suRUeelipecewi tin, wie active 
material near the surface of the photo. 
Lead-calcium PbCA#1, 50 cycles, 260X. 
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mpoure 99. 


Lead-sulfate at the center of the active 
material. This layer has now begun its 
transformation into Pb0,. Lead-calcium 
BoC. lew 50 peyel es. VS OOK 


nO. 











a : ee 
re 








—_— 
canny 7 


tay 





pgure 100. 


Saran a hdr t© 
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Bedd=sUltdve dt rhe opid aimeertace; 
note the transformation whicn has taken 
place. Lead-calcium PbCA#1, 50 cycles, 
2200X. 
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migure 101. Fully formed coralloid structure found 
ERP OUGNOUrstNe derive material Of te 
positive plate. Lead-calcium PbCA=I, 
60 cycles, 295X. 
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into PbO. Reco ar Structure to that seen in the outer 
memes Of the active material at 20 cycles (Fig. 102). No 
mieiy tormed tead-sulfate crystals were seen to exist in 

mre oU-cycle plate. X-ray diffraction showed that some lead- 
Sulfate was present in the active material, but no evidence 

of the large lead-sulfate crystal observed at fewer cycles 
Souda be found by microscopic examination. Some lead-sulfate 
Mereesti!! found to exist in a highly transformed state near 
the grid, upon examination of the grid-active material inter- 
mace (Fig. 103). 

A summary of the results from the investigation of 
the cycled lead-calcium type thick plate battery are as 
moviows. 

i (iemecrallond Structure 1S €Ontirmed to exist as 
the end of the useful service life of the battery is 
meproached. The coralloid structure 1s believed to be a 
prime cause of active material shedding and passivation of 
large amounts of active material. 

Perce as ObSeK Ved that tnis tniek plate battery 
Seemed to store active material for future use as lead-sulfate 
Mmecaecenter layer of the active material, and that this storage 
mecvanism allowed this lead-calcium battery to be operated on 
meaeen cycle routine with service life comparable to a lead- 
antimony grid battery. 

cine: Microstructures OT the positive plate are 
important to the proper operation of the battery and to its 


eycle life. 
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Figure 102. Active material at center of plate with 
little evidence of lead-sulfate being 
pisos cue mend edlenUnmE Donel. oO cycles, 
Zo00 
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Bpiaure 103. 


Lead-sulfate was still found to exist 
Mreasntaily reuranotermed state near the 
grid interface. Lead-calcium PbCA#I, 
eo cyeles.: c 00% 
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Wee A-RAY DIFFRACTION ANALYSIS 

meray ditfractlon patterns were obtained on the active 
meeerial Ciececueeredesampiies taken from the cycled plates. 
Patterns were obtained for the lead-antimony active material 
at zero and 60 cycles, and for the lead-calcium battery at 
zero, 40, and 60 cycles. An attempt was made to ascertain 
the make up of the active material at these stages in cycle 
mene Ine diffraction patterns were recorded with Ni 
Mieered Ciika radiation at a goniometer speed of .5° 2d/min. 
The intensity of the strongest line in each pattern was taken 
as 100. The patterns were run between 10°- 2d to 110°- 2d 
Serresponding to a d spacing down to .8 A, 

The major diagnostic reflections used for identification 
Of B-lead-dioxide, a-lead-dioxide, and lead sulfate are shown 
moerigure 104. 

Mme zero cycle patterns for both battery types (Figs. 105, 
106) indicated only the presence of tetragonal lead dioxide 
(8-Pb0,) as the major constituent of the active material 
before cycling. After cycling the presence of detectable 
lead-sulfate lines was noted in the patterns of the cycled 
plates (Figs. 107, 108, 109). This result was not unexpected 
moeenac pudor, Weisstuch, and Davang [15,16,17] reported that 
lead-sulfate existed within the positive plates in fully 
charged state. No reflections were obtained indicating the 


presence of a-lead dioxide. 
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Vere CUNCLUS TONS 


The following conclusions have been reached as a direct 
mesult of this investigation. 

imeeeeine CcOralloid active material microstructure has 
been shown to develop in both the lead-antimony and lead- 
calcium grid batteries as the end of useful service life is 
approached. This structure is believed to be a definite 
precedent to failure of the positive plate in a cycling 
battery and a primary cause for increased shedding of the 
active material as failure 1S approached. 

2. Current paths through the active material are believed 
moebe a contributing factor to the formation of the coralloid 
microstructure, along with the ideas put forth by Simon [Ref. 
32] as to the formation processes of this microstructure. 

3. Creditable service life can be obtained from a 
calcium alloyed grid battery, comparable to that of an antimony 
alloyed grid battery. The mechanism for this ability to 
Mamtain capacity on a cycle routine is as follows. A reserve 
Ohi active material is stored as lead-sulfate at the center 
meecne positive plate during initial cycling. This reserve 
feenot transformed by charging until the surface layers of 
active material are worn out or passivated and begin to shed. 
As this occurs the reserve is transformed into PbO, and 


enters the discharge-charge reactions as new active material, 


-_ 


a, ae 





jMepntcdining the capacity of the battery. Only as the reserve 
is completely transformed does the battery show signs of de- 
creasing capacity. . 

4. Two possible mechanisms for the coralloid role in 
mpecity |0ss were deduced. First, its appearance as a 
nodular network suggests that these nodules are primary candi- 
dates for shedding as this structure is formed near the 
Surface of the plate. Additionally, there is mechanism of 
messivation of the active material of this structure by the 
Formation of sulfate over its surface, thus encapsulating the 
@ctive material and isolating it from further reaction during 
discharge. 

5. The presence of a needle-like dentric crystal] forma- 
tion was noted in both the lead-calcium and lJ]ead-antimony type 
batteries. This network disappeared in the lead-antimony type 
as failure of the plate approached, suggesting that this may 
also be related to successful performance of the battery. 

6. It is believed that the microstructures of the posi- 
tive plate are of extreme importance to successful maintenance 
of capacity of batteries,and deserves further study of these 
microstructures and their effects upon the performance of the 


battery in service. 





V. RECOMMENDATIONS 


mie results of tnis study represent an initial step in 
tne study of tne lead-acid battery system at the Naval Post- 
Meaaguate School. Utilization of the scanning electron 
microscope (SEM) as the primary analysis instrument has 
again snown its usefulness as a research instrument. More 
work 7S necessary in this field and the following are sug- 
gested areas of possible future research: 

T. The coralloid structure appears to be a primary 
candidate for failure of the active material of the positive 
meace. Further studies into the causes of its formation and 
its composition are seen as areas of productive research. 
This could lead to the elimination of this microstructure 
and increased life of the battery. 

2. The plates studied in this report were all observed 
iecne Tully charged state. A study of the plate at differ- 
ent charged states,and even completely discharged states, 
would add significant knowledge to this area of research. 

See in Order to gain a better understanding of the 
effects of different discharge rates on the positive plate 
morphology, it is recommended that plate microstructure be 
examined at various rates of discharge. 

4. The testing procedures used in this research evolved 
Over the course of the testing,and some inconsistencies 


associated with procedures and this technique development 





are present in the resuits; it is highly recommended that 
these studies be repeated to confirm the validity of these 
results and test procedures. 

5. In the limited time available for a thesis research 
project at the Naval Postgraduate School, new accelerated 
meomeing procedures need to be developed so meaningful re- 
Sults can be obtained within this time frame, giving enough 


mene ror a thorough analysis of the results of the tests. 
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Maximum Impurity Levels 


Suspended matter 

mova! solids 

calcium and magnesium oxide 
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copper 

chlorine 

nickel 

organic and volatile matter 
ammonia as NH, 

nitrites as NO. 

nitrites as NO. 
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Maximum Impurity Levels in Sulfuric Acid 


Percent Percent 
Antimony .000]1 Platinum none 
Arsenic oO oon Selenium 5 UZ 
ealorine OO Sulfurous 
Nickel 0001 gene ee 
Copper ORs Aine .004 
Peon oO. Ammonium “(Oe 
Manganese OWN Fired 
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Temp Terminal 
ae Voltage (volts) 
Go Vahe aa. 
66 aoe 
67 ee 
68 i Bees 
69 7.239 
70 E250 
71 PF eGeN 
72 eeelee 
1s: Fe 209 
74 7.194 
75 als 5 
76 Leola 
ae doa OY 
78 feeabere’ 
79 7.149 
80 7.140 
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APPENDIX A 
CONROE ED CURRENT DISCHARGE UNIT 
ie Christian 
Department of Mechanical Engineering 
Naval Postgraduate School, Monterey, CA 

This device is basically a voltage controlled current 
generator designed to provide a varying load to an external 
Mmemeeage and current source such as a battery. fhe principle 
is to provide a constant voltage across a known fixed load 
resistor (or load bank) thereby providing a fixed current. 

The external source (battery) is connected in series 
with the control element and load resistor. The control 
element will vary its resistance in order to keep the voltage 
across the load constant. Since the current is the same in 
mimmeodrts of a series circuit (Kirchoff's Law) the current 
will be controlled by the E/R relationship (Ohm's Law). 

The control element can control between 2.00 volts and 
5.5 volts with better than 1% regulation and will respond in 
less than 15 microseconds to dynamic variations in the source 
Mometery). In view of this, load resistors (or load bank) 
must be selected to insure the device is working within its 
imimitcations. 

In addition to control over the load a drop out feature 
has been included in the design. A voltage comparator is 
used to sense the source (battery) voltage and compare it 


to a preselected adjustable reference voltage. When the 





merce YOltage drops to 5 millivolts below the reference volt- 
age a relay opens and disables the control element. A LED 
magic emitting diode) on the face of the device is inacti- 
vated to advise the operator of the disabled condition of 
the control element. The control element must be reset 
Manually to restart the cycle. It will not restart regard- 
mesos Or the voltage of the source until it has been manually 
meset. 
meeciFICATIONS: 

femecage: 2.00 to 5.5 Volts D.C. 

Sirrent: to 4.5 amps 

Headroom: .6 to 19 one Dee. 

Dynamic Response: 15 microseconds 


meopout Differential: Jess than 5 millivolts 


“Headroom iomedetaimed aS the minimum differential in volts 
between the source (battery) and the controlled voltage 
across the load. 

Boieeiurther imtormation contact 7. Christian at the 
above address. 
(This device was designed for use by Lieutenant Pokorny in 
conducting experiments for his Master's Degree Thesis titled: 
Study Of the Cyclic Performance of Submarine Type Lead-Acid 
Storage Batteries by Examination of the Positive Plate 


meructures. 
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